BECAUSE OF THE HIGH INCIDENCE and mortality of sepsis and septic shock and associated high health care costs, sepsis and its treatment are prominent public health and scientific issues (19) . However, recent intervention trials have found no benefit from anti-inflammatory therapies in sepsis. During the last few years it has become evident that the biogenic gas nitric oxide mediates the loss of vascular smooth muscle cell contractility in septic shock, either by directly activating guanylate cyclase or by indirectly causing a contractile and energetic failure of this muscle cell (10, 30) . This vasodilatation is mainly responsible for disturbances in the macro-and microcirculation of the septic patient. Many mediators and toxins such as cytokines or endotoxins can promote the expression of the inducible form of nitric oxide synthase, which is capable of producing large amounts of nitric oxide over a prolonged period of time (28) . Several investigators have shown that inhibition of nitric oxide synthase in animal models of hyperdynamic sepsis normalizes mean arterial pressure and systemic vascular resistance or even improves survival (5, 29) .
Nitric oxide also mediates the hypertensive response to modified hemoglobin (26) . In contrast to hemoglobin in red blood cells, extracellular hemoglobin rapidly penetrates the endothelial barrier of the vascular wall and reacts with nitric oxide (1). The extremely rapid reaction between oxyhemoglobin and nitric oxide results in the formation of methemoglobin and nitrate (1) . When modified hemoglobin is used as a red blood cell substitute, vasoconstriction resulting from nitric oxide scavenging would be an unwelcome side effect. However, in hyperdynamic sepsis with increased nitric oxide production, the nitric oxide-scavenging effects of modified hemoglobin could be advantageous.
Recently, it was demonstrated that cell-free hemoglobin can reverse the endotoxin-mediated hyporesponsivity of rat aortic rings to ␣-adrenergic agents (16) and that modified hemoglobin ameliorates the hypotensive response to endotoxin in a porcine model of endotoxemia (2) . In a pilot experiment, we investigated the hemodynamic effects of different doses of pyridoxalated hemoglobin polyoxyethylene conjugate (PHP) in an ovine model of chronic hyperdynamic sepsis (3) . In that experiment we noted that doses of 50, 100, and 200 mg/kg of PHP normalized mean arterial pressure and systemic vascular resistance in septic sheep. The purpose of the present study was to investigate whether the vasoconstiction due to PHP treatment during sepsis affects regional blood flow to different organs and whether PHP treatment has detrimental effects on different organ functions, with a special focus on kidney, liver, and pancreas function.
MATERIALS AND METHODS
The procedures and experimental design described in this study were approved by the Animal Care and Use Committee of The University of Texas Medical Branch and were conducted in compliance with the guidelines for the care and use of animals established by the American Physiological Society as well as those of the National Institutes of Health.
Animal Preparation
Twenty female range ewes of the merino breed (body weight 32.2 Ϯ 1.9 kg, range 25-42 kg) were surgically prepared for chronic study. After a 12-h fasting period, the sheep were anesthetized with 1.5-2.5 vol% halothane in oxygen, which was delivered through an animal face mask until anesthesia was adequate for endotracheal intubation (ID 10 mm; Mallinckrodt, Glen Falls, NY). After intubation, the animals were mechanically ventilated with tidal volumes of 15 ml/kg and frequencies of 12-15 breaths/min. Anesthesia was maintained with halothane in oxygen (1.0-1.5 vol%). Right femoral arterial and venous catheters were placed through a femoral incision in the abdominal aorta and in the abdominal vena cava. A Swan-Ganz thermal dilution catheter (model 93A-131-7F, American Edwards Laboratories, Irvine, CA) was positioned through the jugular vein into the pulmonary artery. After a left lateral thoracotomy at the fifth intercostal space, a Silastic catheter (0.062 in. ID, 0.125 in. OD; Dow Corning, Midland, MI) was inserted into the left atrium. After wound closure, the animals were weaned from ventilation and allowed to recover for at least 5 days. During this time, the sheep were monitored three times a day for appearance, adequacy of pain control, temperature, oral intake, and fecal and urinary output. If their body temperature exceeded 39.6°C, intravenous antibiotic treatment was begun and maintained until the body temperature was normal for Ͼ24 h. All antibiotics were stopped the day before the experiment. During the recovery and study periods, the animals were held in metabolic cages with free access to food and water. The day before the experiment the animals were anesthetized with ketamine, and a urethral Foley urinary retention catheter was placed. Thereafter, all sheep were connected to continuously flushing pressure transducers (Baxter, Irvine, CA), which were attached to hemodynamic monitors (model 78304A, Hewlett-Packard, Santa Clara, CA). The animals received a continuous infusion of Ringer lactate (2 ml·kg Ϫ1 ·h Ϫ1 ), and urine was collected until the experiment was started.
The animals were excluded from the study if, on the day of the experiment, blood temperature was above 39.6°C, white blood cell count was above 10,000 cells/µl, cardiac index was above 6.5 l/min, heart rate was above 100 beats/min, or mean pulmonary arterial pressure was above 25 mmHg.
Experimental Protocol
The experiments were performed in awake sheep. After baseline measurements, a continuous infusion of live Pseudomonas aeruginosa bacteria at a dose of 1 ϫ10 5 colony-forming units (CFU)·min Ϫ1 ·kg Ϫ1 was started and maintained throughout the 48-h experimental period. The infusion rate of Ringer lactate was adjusted to keep left atrial pressure at baseline levels Ϯ 3 mmHg. After 24 h of sepsis, all animals (n ϭ 14) were randomly and equally assigned to one of the following two groups.
Treatment group (n ϭ 7). After 24 h of P. aeruginosa infusion, an infusion of 100 mg/kg PHP (Apex Bioscience, Research Triangle Park, NC) was given to the animals in this group. PHP was dissolved in Plasmalyte infusion solution (Baxter Healthcare, Deerfield, IL) to a total infusion volume of 200 ml. The hemoglobin solution was given intravenously through a 0.2-µm infusion filter (Gelman Sciences, Ann Arbor, MI) over a 30-min period.
Control group (n ϭ 7). The animals in this group received an infusion of 200 ml of Plasmalyte infusion solution over a 30-min period.
All animals were observed during the next 24 h. Cardiac outputs were determined by using the thermal dilution technique (cardiac output computer 9520, American Edwards Laboratory, Santa Ana, CA). Ten milliliters of cold (1-4°C) dextrose were used as the indicator. The average of three injections was computed for cardiac output. Hemodynamic and oxygenation variables were measured and calculated according to standard formulas. At every time point, arterial and mixed venous blood gases, oxyhemoglobin and methemoglobin concentration were determined (1302 pH/ blood-gas analyzer and CO-oximeter 282, Instrumentation Laboratory, Lexington, MA). The blood-gas results were not corrected for the body temperature of the sheep.
Bacterial Preparation and Quantitative Cultures
In this study, live P. aeruginosa was used for induction of sepsis (strain ISR 12-4-4, isolated from a thermally injured patient at Brooke Army Hospital, San Antonio, TX). These bacteria were prepared from a frozen stock culture. After being thawed, 0.8 ml of the stock culture solution was inoculated into a trypticase soy broth (Difco Laboratories, Detroit, MI) and incubated for 24 h at 37°C. After being harvested by centrifugation, the bacterial concentration was counted in a Petroff-Hausser count chamber (Hausser Scientific, Blue Bell, PA). The bacteria were then resuspended in 250 ml of 0.9% saline to a final concentration so that with an infusion rate of 2 ml · kg Ϫ1 ·h Ϫ1 the sheep received 1 ϫ 10 5 CFU·kg Ϫ1 · min Ϫ1 . Samples of the suspension were taken from every infusion bag, and pulmonary and aortic blood samples were taken every 4 h for the duration of the experiment. From every sample, 200 µl were transferred into agar plates. These plates were incubated for 24 h at 37°C. After incubation, bacterial colony-forming units were counted with a Darkfield Quebec colony counter (model 3330, American Optical, Buffalo, NY), and the number of colony-forming units per milliliter was calculated for arterial (CFU a ) and mixed venous blood (CFU v ). Because the lung is the only important organ that clears bacteria between the mixed venous and the arterial blood, the bacterial clearance by the lungs can be calculated. The bacterial clearance of the lungs can give a rough estimation of the phagocytotic activity of the reticuloendothelial system of the lung. By using the paired amounts of CFU a and CFU v , the pulmonary bacterial clearance was calculated by using the following formula: pulmonary bacterial clearance ϭ (CFU v Ϫ CFU a )/CFU v · 100.
Hematology and Blood and Urine Chemistry
Hematology, blood, and urine chemistry parameters were analyzed to investigate the function of different organs after PHP treatment. Disturbances in renal function were assessed by measurement of plasma nitrogen, renal clearance of creatinine, and urine output. As parameters of liver damage and cholestasis ␥-glutamyl transferase (␥-GT), aspartate aminotransferase (AST), alanine aminotransferase (ALT), and alkaline phosphatase were analyzed. Pancreatic damage was estimated by using plasma lipase levels. To evaluate the effects of hemoglobin infusion on plasma iron levels, plasma iron and iron-binding capacity were determined. Plasma conjugated dienes were measured as an estimation of tissue damage due to oxygen free radicals (32) .
Hematologic variables (red and white blood cell counts) were determined immediately after blood withdrawal by using a Coulter counter (S880, Coulter Electronics, Hialeah, FL). The white blood cells were differentiated into neutrophils and lymphocytes by using blood smears. For the determination of the other serum and plasma parameters, blood samples were immediately centrifuged and frozen at Ϫ80°C. After these samples were thawed, plasma osmolality, plasma colloid oncotic pressure, serum electrolytes, ␥-GT, AST, ALT, alkaline phosphatase, lipase, creatinine, urea nitrogen, bilirubin, iron, iron-binding capacity, lactate, and urine creatinine were determined by using standard laboratory tests used in a large university clinical laboratory. The serum amylase levels of sheep in a pretest were below the range of the used clinical assay (Ͻ20 U/l). Therefore, no serum amylase levels of the investigated sheep are presented in the study. All other parameters showed reliable results. In vitro interference of low concentrations of PHP with laboratory tests was investigated by the manufacturer of PHP (Apex Bioscience; unpublished observations), and only interference with the lactate dehydrogenase determination and the bilirubin assays was noticed. Plasma conjugated dienes were measured in thawed EDTA-plasma samples, by using the method described by Ward et al. (32) . Creatinine clearance was calculated from the serum and urine creatinine levels and the urine volume excreted during a 12-h period before the experiment started and during the experimental period every 12 h.
Regional Blood Flow Measurements
Regional blood flow in various organs was determined by using the fluorescent-microsphere technique. At the 0-, 24-, 25-, 28-, and 48-h time points of the experiment ϳ5 million fluorescent microspheres (15 Ϯ 0.1 µm, E-Z TRAC, Interactive Medical Technology, Los Angeles, CA) were injected into the left atrium. Simultaneously, reference blood was continuously withdrawn from the abdominal aorta, with a withdrawal rate of 10 ml/min. The withdrawal was started 30 s before the microsphere injection and stopped 120 s after the injection. The different colors of the microspheres were administered in random order.
Euthanasia and Necropsy
After 48 h, all animals were anesthetized with 500 mg ketamine and euthanized with the venous injection of 50 ml of saturated KCl solution. At necropsy the left and right lungs were removed for the determination of lung wet-to-dry weight ratios (24) . Tissue samples were obtained from the myocardium of the right and left ventricle, liver, spleen, pancreatic head, distal ileum, colon, left and right kidney, and skeletal nonrespiratory muscle. These tissue samples were used together with the reference blood samples for the determination of regional blood flow to these tissues. This analysis was performed at Interactive Medical Technology. Each sample was weighed and then digested in NaOH. After digestion the number of different fluorescent microspheres was determined by flow cytometry. Regional blood flow in milliliters per gram per minute was calculated by using the following formula: blood flow ϭ (number of counted spheres/tissue weight in grams) · (1/number of spheres in the reference blood in milliliters per minute).
Statistical Analysis
All data are given as means Ϯ SE. For statistical analysis of hemodynamic variables, the 0-, 24-, 25-, 28-, and 48-h time points were used. Statistical analysis was performed by using analysis of variance. If significant differences were detected, Fisher's least significant differences procedure was used, followed by a Bonferroni correction for the number of comparisons. Comparisons between the wet-to-dry weight ratios of the treatment and the control group were made by using Student's t-test.
RESULTS
During the first 24 h of sepsis, six sheep died because of pulmonary hypertension or hypodynamic septic shock. All animals that survived the first 24 h of bacteremia (n ϭ 14) were included in the analysis of this study. These animals had a hyperdynamic circulation with an increased cardiac index, an increased heart rate, a decreased systemic vascular resistance index, and a decreased mean arterial pressure ( Figs. 1  and 2 ).
After 5 min, when one-sixth of the PHP infusion was given, a significant increase in mean arterial pressure was observed. Mean arterial pressure increased from 86 Ϯ 2.8 mmHg at 24 h to 96.7 Ϯ 2.7 mmHg at 24 h and 5 min (P Ͻ 0.05 vs. 24 h), to 97.8 Ϯ 2.9 at 24 h and 15 min (P Ͻ 0.05 vs. 24 h), and to 101.8 Ϯ 3.5 mmHg at 24 h and 30 min (P Ͻ 0.05 vs. 24 h). Mean arterial pressure stayed above the 24-h value during the next 4-6 h. This increase in mean arterial pressure during the first hour after PHP infusion was caused by an increase in the systemic vascular resistance index (Fig.  1) , which rose in the PHP group from 769 Ϯ 42.1 to 1,087 Ϯ 56.8 dyn·s·m 2 ·cm Ϫ5 (P Ͻ 0.05). At 28 h, the increase in mean arterial pressure after PHP infusion, based on a nonsignificant increase in systemic vascular resistance index and a cardiac output, tended to be increased above 25-h values. After PHP infusion, systemic vascular resistance index did not exceed baseline values. In most of the PHP-treated animals, a decreased cardiac index and heart rate were observed (Fig. 2) . These changes did not reach statistical significance. In both groups, pulmonary arterial pressure increased 6-10 mmHg during the first hour after bacterial infusion was started and remained elevated for the rest of the experiment. PHP infusion caused a further increase in pulmonary arterial pressure from 30 Ϯ 1.9 mmHg at 24 h to 33 Ϯ 1.7 mmHg at 25 h. At 25 and 28 h, the pulmonary arterial pressure was significant higher in the PHP group than in the control group (P Ͻ 0.05) (Fig. 3) . This increase in pulmonary arterial pressure had no effect on arterial oxygenation. The arterial PO 2 was 80 Ϯ 5.1 Torr at 24 h and 81 Ϯ 3.5 Torr at 24.5 h. Mixed venous PO 2 was also unchanged, with values of 39 Ϯ 3 Torr at 24 h and 39 Ϯ 3 Torr at 24.5 h. The lungs of the treatment animals at the end of the experiment did not show macroscopic signs of pulmonary edema at necropsy. Wet-to-dry weight ratios as a measure of pulmonary edema were 5.0 Ϯ 0.2 in the left lungs and 5.0 Ϯ 0.1 in the right lungs of the treatment group animals and were 5.2 Ϯ 0.1 in the left lungs and 5.2 Ϯ 0.1 in the right lungs of the control group animals. No significant differences between the treatment and the control group were detected. Eight hours after PHP was given, all macrohemodynamic parameters in the treated animals had returned to levels that existed before PHP administration and were similar to those of the control group throughout the remaining experimental period.
The results of the microsphere studies are shown in Table 1 . After 24, 25, and 28 h, none of the examined organ tissues in the control or in the treatment group showed a significant increase in blood flow. A marked but not significant drop in regional blood flow to the pancreatic head occurred in the treatment group (2.9 Ϯ 0.3 vs. 1.9 ml · g Ϫ1 · min Ϫ1 ). This drop was not associated with an increase in serum lipase levels (150 U/l at 24 h vs. 122 Ϯ 29 at 25 h; Table 2 ). After 48 h of sepsis, blood flow was significantly elevated in comparison to baseline in the liver of the treatment and the control group, the spleen of both groups, the left and the right ventricle of both groups, and the left and right kidney cortex of the treatment group. No difference in microvascular blood flow was seen between the right and left kidney cortex in either group, thus confirming that adequate mixing of the microspheres had taken place at the time of microsphere injection.
Blood chemistry and hematology parameters are presented in Tables 2 and 3 . Only bilirubin and iron levels differed significantly between control and treatment group. Both increased after PHP infusion in the treatment group. Iron levels decreased during the first 24 h of sepsis in the control group from 102 Ϯ 14 µg/dl at 0 h to 33 Ϯ 13 µg/dl at 24 h (P Ͻ 0.05) and in the PHP group from 91 Ϯ 9.6 µg/dl at 0 h to 25 Ϯ 2.7 µg/dl at 24 h (P Ͻ 0.05). After PHP infusion, iron levels increased back to 60 Ϯ 4.9 µg/dl at 25 h (P Ͻ 0.05) but never exceeded iron-binding capacity. During the time course of sepsis, no significant differences in urine output and creatinine clearance were found between the two animal groups (Table 4) .
Pulmonary bacterial clearance, a measurement that provides information about the effectiveness of the reticuloendothelial system, decreased in the first 24 h of sepsis to 0.56 Ϯ 0.09 in the control group (P Ͻ 0.05 vs. 0 h) and 0.52 Ϯ 0.08 in the PHP group (P Ͻ 0.05 vs. 0 h) (Fig. 4) . Pulmonary bacterial clearance was not different between both groups throughout the experiment.
DISCUSSION
In the present study we investigated the effects of nitric oxide scavenging with PHP in ovine sepsis, with a and produces large amounts of nitric oxide (28) ; and 3) all observations were made in awake sheep; therefore, no side effects of anesthetics or interactions with anesthetics confounded the results. The animals included in this study developed a hyperdynamic sepsis, characterized by decreased mean arterial pressure, decreased systemic vascular resistance, and increased heart rate and cardiac output. The infusion of 100 mg/kg PHP in the hyperdynamic sheep normalized mean arterial pressure and systemic vascular resistance for 4-6 h. The vasoconstrictive effects of PHP were not associated with any significant decrease in microvascular blood flow to different organs. Furthermore, after PHP infusion, no changes in blood chemistry or hematology parameters suggestive of organ dysfunction or damage were observed.
In a previous study we showed that different doses of PHP restored mean arterial pressure in hyperdynamic ovine sepsis by increasing systemic vascular resistance (3). Of three effective doses of PHP, we used the intermediate dose for the present study to ensure adequate effects without toxicity from overdosage. Infusion of 100 mg/kg PHP caused a rapid increase in mean arterial pressure and systemic vascular resistance. The speed of hemodynamic changes during PHP infusion was impressive. Five minutes after the PHP infusion was started, after only 16.6 mg/kg PHP in 33.3 ml fluid had been given, mean arterial pressure increased significantly. The hemodynamic changes after such small amounts of hemoglobin cannot be explained only by volume effects of the hemoglobin infusion. Also, changes in plasma osmolality or plasma oncotic pressure with consequent increases in intravascular volume are unlikely ( Table 2 ).
The observed increases in mean arterial pressure and systemic vascular resistance are most likely due to nitric oxide-scavenging effects of hemoglobin and to elevation of the vasoconstrictive peptide endothelin-1 after hemoglobin infusion (1, 12) . We observed a short insignificant decrease in cardiac index and heart rate during and after PHP infusion. Significant decreases in cardiac output were seen after inhibition of nitric oxide synthase in our ovine sepsis model (4). Similar to our observations and contrary to the observations with nitric oxide synthase inhibition, other investigators also saw no change in cardiac output after infusion of modified hemoglobin (18, 27) .
One major concern about the use of modified hemoglobins, especially the use of hemoglobins as a treatment of hyperdynamic sepsis, is that hemoglobin can cause a severe vasoconstriction and therefore reduce nutritive blood flow to different organs. This reduction in nutritive blood flow could impair organ function in, for example, the pancreas, kidney, and liver. Therefore, we investigated regional blood flow after PHP infusion in hyperdynamic sepsis. In addition, we investigated a couple of blood chemistry parameters that could indicate impaired organ function after vasoconstriction due to PHP. For the measurement of regional blood flow the fluorescent-microsphere technique was used. The advantage of the microsphere technique is that blood flow in a large number of different tissues can be measured. By this technique, capillary blood flow is measured, in contrast to the flow-probe technique in which only blood flow in larger vessels can be determined. A disadvantage of the use of the microsphere technique in awake large animals is that movements of the animals during the microsphere injection can disturb measurements and increase the variation of blood flow results. In our study, baseline blood flows to different organs (Table 1) were in the same range as those described by others (4, 5, 31) . During the first 24 h of sepsis, cardiac output increased significantly, but none of the analyzed organs showed a significant increase in organ blood flow, with the exception of the liver in the treatment animals. Booke et al. (4) made similar observations by using the same animal model and colored microsspheres. The increase in cardiac output without a significant increase in capillary blood flow could be explained by an increased amount of precapillary shunting during sepsis, which cannot be determined with the microsphere technique. After 48 h of sepsis, organ blood flows in the control group showed redistribution of blood flow away from pancreas, ileum, and colon toward the heart. The reduction in pancreatic blood flow (25) as well as the increase in myocardial blood flow (25) during sepsis have been described in previous studies. PHP infusion during sepsis did not decrease organ blood flow significantly. Also, no change in plasma lactate levels, a rough indicator of the adequacy of nutritive blood flow to the organs, was seen after PHP infusion.
The only significant change in regional blood flow after PHP infusion was an increase in blood flow to the spleen at 48 h and an increase in ileal blood flow at 28 and 48 h. However, studies investigating intestinal blood flow after hemoglobin infusion report varying results. In contrast to our findings, Aranow et al. (2) noted a reduced ileal mucosal perfusion after crosslinked hemoglobin in porcine endotoxemia but no change in mucosal pH. Compared with a control group there was no decrease in mesenteric artery blood flow after hemoglobin infusion. Gulati et al. (12) even observed a significant increase in regional blood flow to the gastrointestinal tract after infusion of diaspirin-cross-linked hemoglobin. Ulatowski et al. (31) , on the other hand, saw a significant decrease in intestinal blood flow after infusion of bovine cross-linked hemoglobin in cats compared with a control group. They, however, used a much higher dose of hemoglobin and conducted their experiments in an animal hemorrhage model, which may explain their contrasting results. No significant change in myocardial perfusion in the right and left ventricles was seen after PHP infusion in our study, although cardiac output tended to decrease below the 24-h values for the first 20 h after PHP was given. Whereas in ex vivo studies coronary vasoconstrictive properties of modified hemoglobin were seen (20) , in recent in vivo studies no coronary vasoconstriction or reduction in myocardial blood flow was detected after hemoglobin application (12, 31) . Gulati et al. (12) showed that the increase in myocardial blood flow after application of cross-linked hemoglobin can be attenuated by an endothelin-A-receptor antagonist, indicating the important role of endothelin release and endothelin effects after hemoglobin infusion. In the same study, a decreased renal vascular resistance and an increased renal blood flow after cross-linked hemoglobin administration were seen. This vasodilatatory effect of hemoglobin also disappeared after infusion of an endothelin-A-receptor antagonist.
In our study we also observed no significant effects of PHP on regional blood flow to the kidney cortex, and neither plasma creatinine, plasma urea nitrogen, creatinine clearance, nor urine output as markers of kidney function were affected by PHP infusion during hyperdynamic sepsis. Renal impairment after hemoglobin infusion is more frequent if the infused hemoglobin is not purified and contains some stroma or if the hemoglobin is not modified (13, 17) . Nitric oxide plays a crucial role in the modulation of renal blood flow and glomerular filtration (7) . Therefore, nitric oxide-scavenging properties of hemoglobin could aggravate kidney dysfunction. Additionally, direct toxic effects of hemoglobin on the tubular kidney function were described. We did not observe any impairment of kidney function after PHP infusion during ovine sepsis. First, tubular damage due to the highly purified and chemically modified PHP is unlikely. Second, in contrast to normal kidneys, in septic patients, a loss of renal vascular autoregulation occurs, and nitric oxide synthase inhibition or nitric oxide scavenging can improve glomerular filtration pressure by a more pronounced effect on the efferent than on the afferent renal arteriole (14, 15) .
Nitric oxide seems to play an important role in the organ function of the normal liver and in preventing microcirculatory dysfunction in the liver during sepsis (21, 23) . However, we did not observe any detrimental effects of the nitric oxide scavenger PHP on the liver during ovine sepsis. Serum levels of AST, ALT, and ␥-GT as markers of liver damage were analyzed. The serum levels of AST and ␥-GT were unchanged, and ALT even decreased after PHP infusion. Our observations are in accordance with those of Eldridge et al. (9) , who saw no change in liver function tests and liver histology after PHP infusion in comparison to a control group, and with those of Gulati et al. (12) , who described an unchanged regional liver blood flow after infusion of cross-linked hemoglobin. However, it must be emphasized that the measurement of liver blood flow with microspheres, which were used in the study of Gulati et al. and in our study, is an insufficient method to estimate nutritive blood flow to the liver, because only the arterial part of the liver circulation is measured and the regional blood flow that was contributed by the portal circulation is not measured. Therefore, we measured only microvascular blood flow to the liver to compare our results with results from other groups.
Increased iron levels in the blood could be harmful during infection, because the virulence of P. aeruginosa and other bacteria can be increased by increased iron levels (6) . We saw a significant increase in iron levels after infusion of PHP, but these iron levels were still below baseline and never exceeded the iron-binding capacity, so that no free iron could increase bacterial growth. Unfortunately, no organ bacterial counts were made during our study; therefore, no final comments can be made on the effects of PHP on bacterial growth in different organs after PHP infusion in sepsis. Another concern about elevated iron levels and the application of free hemoglobin is related to the oxidative damage to tissues by generating oxygen free radicals in the presence of iron and hemoglobin. In sepsis, when levels of antioxidants are reduced, that could be a detrimental side effect of PHP therapy. In our experiments, we saw no change in plasma conjugated diene levels, which indicates that no relevant lipid oxidation occurred, although free hemoglobin was given in sepsis.
After PHP infusion we observed a significant increase in total bilirubin levels in the treatment group. Free hemoglobin can induce the enzyme heme oxygenase and therefore increase the production of bilirubin (22) . Also, an interference of the bilirubin test used with PHP could explain the observed elevation of bilirubin (9) .
In contrast to other authors (18), we saw no change in methemoglobin concentrations after infusion of PHP.
This lack of change is most likely related to the very low dose of modified hemoglobin we gave and not related to specific advantages of PHP in comparison with other hemoglobins. Modified hemoglobin is in part cleared from the circulation by the reticuloendothelial system; therefore, the question arises as to whether the use of modified hemoglobin as a treatment of hyperdynamic septic shock impairs the host defense to infections.
We investigated the activity of the reticuloendothelial system in our ovine sepsis model by calculating the pulmonary bacterial clearance (Fig. 4) of live P. aeruginosa bacteria. No differences were seen between groups, in pulmonary bacterial clearance, or in white blood cells counts and white blood cell differentiation (Table  3) . These data are in accord with observations from Crowley et al. (8) , who saw no changes in white blood cell count and in Escherichia coli clearance after infusion of stroma-free cross-linked hemoglobin in dogs. Our results are in contrast to those of Griffiths et al. (11) , who found that PHP infusion cause death in experimental E. coli peritonitis in mice. They conclude that the promotion of fulminant sepsis is a potential danger when using modified hemoglobins. Although our ovine sepsis model is not suitable for the investigation of sepsis lethality, a promotion of sepsis owing to PHP infusion would have been noted during the 24-h observation period after PHP infusion. The difference between our results and those of Griffiths et al. may be related to the different animal models, the different times when PHP was given or the different bacteria that were used. Further investigation regarding bacterial growth, bacterial clearance, and outcome should be performed to evaluate the use of PHP as a possible treatment for septic shock.
In conclusion, infusion of a low dose of PHP normalized mean arterial pressure and systemic vascular resistance in an ovine model of hyperdynamic sepsis during the first 4 h after infusion. The application of modified hemoglobin was not associated with significant decreases in organ blood flows. Investigation of clinically relevant blood chemistry parameters gave no indication of toxicity. Also, no detrimental effects on kidney function were observed. No interactions between PHP infusion and the host response to severe infection were seen. The only observed side effect of this new therapeutic approach for hyperdynamic septic shock was an increase in pulmonary arterial pressure and pulmonary vascular resistance. The change in pulmonary vascular tone was not associated with changes in oxygenation, and no pulmonary edema was found in the lungs of the treated animals. Our study showed that a short-duration, low-dose infusion of modified hemoglobin was a safe and effective treatment of hypotension in an ovine model of hyperdynamic sepsis.
